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Effect of Spontaneous Decay of
Superconductor Quasiparticles

in the Tunneling Density of States

D. Cofley
Center for Materials Scies ce, Los Alamos National Laboraiory, Los Alamos, NM 87545, US.A.

ABSTRACT . Superconductivity has been successfully described witk either the Landau-Ginsburg theory of
second order phase transitions or with strong-coupling versions of the original BCS theory for almost fifty years.
Recent tunnelling and photoemission data on the cuprate oxide superconductors may now provide evidence of
corrections to the mean ficld approximation. It has been shown by Zasadsinski et al.*[1892] that there is a dip
at eV =~ 3Ag in the SIS Lunneling conductance, which is the derivative of the current across s superconductor-
insulator-superconductor junction with respect to the applied voltage, for a set of cuprate superconductas whase
T,'s range from b.5K to 100K. Recently L Coffey and I[Cofley and Cofley 1893] proposed an explanation of this
feature in terma of the spontancous decay of mrar field quasiparticles. We ashowed that corrections to the mean
field approximation for & si.perconductor lead to different frequency thresholds for spontaneous quasipariicle decay
with different superconductor order parameter symmetries. These effects lzad to features in the superconductor
density of states and in the SIS tunneling conductance and provide experimental evidence of d-wave symumetry
for the supercorductor order parameter in the cuprates. 1 discuss this medel and also evidence of quasiperticle
decay in ARPES data on Bi35r3CaCuz05.

Keywords: Superconductivity, Tunneling, Quasiparticles
1. Introduction

One of the earliest experiments which supported the predictions of the BCS theory were Lhe
tunneling experiments of Giaever[1860]. These experimenta showed the piling up of the density
of states, as measured in SIN tunneling conduciance, st Aq for 7' <« T,. Later developments
verified the results of mor: sophicated treatment of the electron-phonon interactions within the
Eliashbery formalisii and lead to a conusistent account of the phonon density of states together
with the electron-phonen coupling and the tunneling conductance.[Schriefler ¢t al.1963] This
analysis of the electron-phonon coupling relies on features in gs;n(eV) - dI/dV at bias voltages
such that #V = Ag 4 wyp where Ag is the posi’ion of the peak in gsyn(eV’) and wyp are char-
acteristic phonon frequencies in the superconductors.[McMillan and Rowell 1868] These features
are dips whose depth i a few % of the BCS value of gs;n(eV) at that bias and are about four
times larger in the tunneling conductance of tuperconductor-inaulator-superconductor junction,
gsss(eV). Zasadrinski et 81.%[1992] found a dip feature in the ggrs(eV') curves for a number
of cuprale superconductors with values of T, ranging froin 5K tu JOOK which scales with Ay,
other than the peak at 2A; expected from the mean field approximation. ‘This aleo shows up
when .« is generated numerically using measured tunneling conductances on superconducting
insulator normai metal (S-1 N) junclions, gsyn. The analysin of Zasadrinkki et al.*[1992), ahown
in Figure 1, in the firat to identify the feature in gg;s with a supercanductor energy scale. The
sae feature in prenent in the data of other groups on the HSCUCO aystemn|[Wnuk et al. 1861, Chen
anu Ng 1992] and haw boen shown Lo go away as the temperature increase above 7, [Mandrun et
al. 1001, Maudrun et al 1003]

Thin feature at eV 30 in guys(eV) in conninten! with the dip feature neen in the angle resnlved
photoeminmion dats( ARPES) on BiaSCaCuyOg {Dennan et al. 1091, Hwu et al. 1991, Shen ei
al. 1993] ‘Thin conmrtency between gyyn(eV ) and AHTES data han been pointed out before
by Zanadzinaki et al {1905 and by Mandius et al [1003] ARPES meanores the spectral dennity
for energien below the Fermi Surface and from it the density of sinten, - yorn(el’), may be
calculated. Tn the ARPES dat. there i a dip along on= dgirection at w 2A,,. The aninotropy
of the dip leadn to it being reduced by averaping when the gy (eV') in caloulated fiom the
apectral denmity ‘The yeaulting lenture at eV 24, m goypn(eV ) leadn Lo the dip at el 3,



in the gsys(eV) generated frorn the gsyn(eV) curves 1~ sur calculation{Cofley and Coffey 1893,
the dip in gs;s is & consequence of deviations from weak coupling mean field behavior of the
superconductivity in these materials. Here we argue that the dip seen in ggsys is & consequence
of these effects and that the value of the biasing across the junction at which it occurs points to
the conclusion that the superconducting order parameter in the cuprates is d-wave.

4Tlrll“'T‘T‘flﬁl"fll"‘I’"""'YI'I' 1_‘

w
(3]

w

e
(5]

—d
n
LEAS AR RS 'lvq"‘l’l1ir¥r"tvvj MRS A0
.

-

Normalized conductance
N

o
(1]

|

2V/V
P

Figure 1 Scaling of the Dip Feature(from Zasadsinaki et d.‘[lﬁ)]). g51S curves for various cuprsie supercon-
ductors (T, from 5.8K to 100K) plotied on a voliage axis scaled in units of £p Left scale: Ndj 4 CeqCuOyq . '(Tt
=21K, solid line), BigSraCaCuy0g(T, wBEK, dashed line). Right scale: TI3Ba3CaCuOg(7; = 100K, dashed-dol
line), B135raCuy Og(T, =8.3K, solid line), BSCCO film(dashed line).

One conaequence of deviations {rom a weak coupling mean field treatment of superconductivity
in that the mean fivla quasiparticies spontancously decay which leads to changes in the density - ¢
states (). Coffey 1990] These decay processes are characterised solely by the gap function, A(k),
and the quasiparticle excitation spectrum. Conaejuently they are a probe of the nature of the
order parameter.

11. Spontaneous Quasiparticle Decay

The starting point of the present analysis is a Hamiltonian, Eq.(1), describing a syatem of
fermiona interacling via a potential, U(q).

-~ 1 ~ 1 ]
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k- ‘l.[.f
where (| - 2(con(k,a) 1 coa(k,a))  p. ain the lattice apading. pin the chemical potential

and t 1 the hopping matrix element  Oue assumen that the ground state of the syatem at
low temperatures is muperconducting, the nature of which dependn on U(g) A(k) amd the
quasiparticle operators, 7. and 3y, are deteriined by the wenk conphing approximation o

the gap equation and the “Amillnninn i written in terinw of these operatorn The Hamiltoman



becomes
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where k; = E-q",k.-‘ = k4 q k3= - ki,and k4 = k. H, Hpg and H~ are
Ha(ky kg, k3, kg 0,8) = (ug ug, 4 vi vg Jug, vy ba, g, (3a)
Hy(ky, ky, k3, kg, @, 0) = up up vg vp ba, g, (3Y)
and .
Ho(ky, kg, ka ke, a,8) = (ug up, + vp v Yug uy, + v v Mea, 8 (30)
BTy
+ uilv.-‘vi'uh-‘éulp d
The first term in Equation(1) has been replaced by the pairing Hamiltouian which incorporates
a!l the wesk 'coupling mean field contributivons from the interaction termn. Consequently in cal-
culationg the effect of the interactious in Equation(2) all contributions which include mean field
contributions should be dropped to avoid double-counting. The residual interactions lead ta cor-
rections to the weak-coupling mean field approximation Here these deviations from this mean
field npprunmauon are cnlcula.ed to second order in the interactione. The contributions to the
sell-energy, } (k w), of the 'v . Tio Propagator are shown in Figure 2

Lp(K,0) Lg(K,w) LK, 0)

Figure 2 Sveond erder contributions to the asll.onargy of the ‘Y:— v, propagator
(4

Taking I/ (¢) [/, the gap equnt.on gives A(k‘) Ao, an s wave superconductor. 17 (¢) in
asmumed to be shaiply peaked at @ (n/a, 1 /a),
.
'(q) (2)

1y 49 vin/a, tnja)d
an approximate solibion of the gap equation in A(k.) A;" (con(k, ) con(k, ), a mupercondudctor

with d,s Lo symmetry, Vie(k w) in neghpible at low temperatures for both o and o wave canes
since it relien on the presence of thermal quasiparticles and 1drop thie contribution in the present
discunman Y4k, ) and Yk, w) are,
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When the imaginary parts of these sel{-energies become non sero the mean field quasiparticles
spontaneously decay.
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Figure 2 lmx‘(i, w) for »-wave at k= (7.-:, 7.5 )(oprn circles) and for d-wave at k: (5—1, %)(lohd circles)

and at k - \k,O)(stars) p = 0 sud A = 0.1. In the s-wave case [/(g) ~ - 1.22 was used and for
the d-wave cane U7(g) in Eq.(3) was used with Uy ~ 14.707 and £ ~ 1. With these parameters
Ag = 0.1 when p- C.

In Figure 3 Im)IA(k'p,u) is shown for s-wave and d-wave with Ay . 01 when u - 0 for
both. From Eqs.(h) one can easily see that Im))A(k'p,m) lnl’:n(k‘r, w). In the s wave cane
))A(.kl,w) and )Iy(k'. w) arc real until |w| > 3A, where spontancous decay is posaible [, Cofley
1890] There are two points to be made ahout the d-wave reaults: the threshold for spontapeous
quasiparticle decay in different th:n for the s wave case and theie cann be strong anisotropy in
mamentumaspace For the dgu o cane, A(k) 4" {con{k, ) con(k,)) hax nodes and Lhis reanltn in
a lower threshold for quasiparticle decay. As a result both Im)}A(k.,u-) and lvrl}l;l(k', w) increase
rapidly for |w| = 28, and go aver to » linear dependence on w at thie level of approximation.
Monthoux and Pinea{1092] have used an interaction very aimilar to Eq  (4) and solved the
Eliaabherg equations to get dgs o superconductivity. In their caloulations this linear dependence
on « s suppresacd and lm)l(k‘,w) cventually tnlln an o increanes [Monthoux and Pines 1992] The
magnituden of lvn}:,‘(kl, w) with thear parametern are ~ 0C.OAA, nt w372, The magnitude of
lm).(k‘, w) increanen with incierning, Ao 1L alno depradn on g and {0 'The more sharply peaked
U{g)  the mure Im))(k-.u-) incieanes aa i o 0 For the value of ¢ used heie Tindg (kg w)
han a sharper turn on at w ~ 2% but the waguitude i practis ally unchanged an o goes from
0 to 0.1 From Figuie 3 one ween Lhat there in ar anisotiopy iu the o wave can- between the



direction in which A(k) = 0 and the direction in which A(krp) = Ag 1 will discuss this below
in the context of angle resolved photoemission spectroscopy. The most important point here
is that the microscopic calculations clcarly show that spontaneous quasiparticle decay becomes
appreciable at w's smaller by ~ Ap in the d-wave case than in the s-wave case. We now show
that the switching on of this decay channel may be seen in the tunneling conductance.

II1. Phenomenological Model
The current across an insulating barrier is given by([Schriefler 1963;

0
IeV) x Z / deAR(ER,w)AL(k-L,w-ﬁ eWV)IT;, |2 (6)

vikn
ke k)

where AR'L(E,w) is the spectral density on either side of the barrier. Assuming that the tunneling
matrix element, IT.-’_ ERIZ, does not depend on momenta on the left and right hand sides of the

barrier, El, and F.R, the current becomes
0
I(eV) / doNB(WINE(w +eV). (7)
-4V

N(R.L)() are the densitins of states of the charge zarriers on the left and right hand sides of the
insulating barrier, which for w > 0 is,

Lw) - S At (R w)~ 1Y e MmTalk)
V() ZE‘A (k,w) = T (w Ep- ReXa(K,w))? + (ImEa(k,w))? (8)

The eflects of spontaneous quasiparticle decay are more easily seen in gg;s(eV’) curves than in
gsin(eV) curves. This ia because two superconductor densities of states are convoluted with
each other in gsre(e?), whereas a superconducting and normal density of states are ronvoluted
with each other in g5y (eV). Examining E{.(4) one sees that there is a big contribution to the
current across the junction when w = - A, and w + eV = A, i.e. when the bias acroas the
junction is eV =~ 2A. In the saine way the eflect of the decay processes can be seen in a d-wave
superconductor when w - Aj and w 4 eV = 2A, the frequency at which the quaniparticle
decay process starts Lo become appreciable in a d-wave superconductor. The calculated current
is & monotonic function of eV with changes in slope at eV’ - 24, and at eV _ 3A, for d-wave.
Calculating gsys(cV') pichs out these values of eV aL which the slope changes and it in the
repid increase in Y 4(k,w) al w - 2A, which is respousible for the features at eV = 3A,. The
correaponding value of eV for an e-wave superconductor i "~ 44,

In order to generate the goyn and ggye curves for a d-wave supercondurtor we introduce a
phenomenological madel in which Im(.'(k.,w) in replaced by a Lorentzian of the forim

I I(k,w)

lm(.'{_k.,w) , _ .
2 (w FO* 0 Plk,w)?

(¥)

where K in A renoninalined quasiparticle apectrum which is masumed to have the same fornm as
that given by the mean firld approximation int in which the parameters have been renormahsed
by the interactionn. ‘The qualitative featuren of the K ana w dependence of l"(k‘,ul) are determined
by our calculationn of lvrl)fA(E,uv) Our maodel Ton l‘(_"..u'), g (7). has the rapid increane at
w ~ 27, and the anmsotropy in k apiace aeen a0 Fiy 2 Theae featuren are present for all
paraneters in the microncopic caloulations and survive the eflectn of repeated scattering

. I w 2N 1 AMK)
F'k,w) U ')I 1t tank - ')lll .‘,( ‘i” )‘\ {10}



I'c and I'y are takeu to be free parameters. In Figure 4 we compare (A) gsin(eV') and (B)
gsrsiel’) curves for the case where the frequency dependent decay process is taken into ac-
count, T'g = 0.05A0 and I'; = 0.5A¢ (full line), with the case where this frequency dependence
is ignored To = 0.05A¢ and I'y = 0 (broken line). One sees that, as a consequence of the
[reqquency dependent damping due to the decay of Bogoluibov quasiparticles, there is a dip in
gsrs(eV’) for 38p < {eV]| < 4A. This fealure has been clearly identified in the experimental
data by the work of Zasadzinski et al.?{1992). This dip is complelely missing from the gs;s(el’)
where the frequency dependent decay process is ignored (broken line). Looking at the gsrn(eV)

curves, Fignre 4(A), there is no strong feature and it would be difficult to identify the effect in
expcrimental data.
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The asnumption of an s wave order parameter will always produce a dip in the geyy curves
starting at ¢1" = 47 which in not in sgrecment with the experimental datn.[nee Figuie 1
The sige of Uy in Fig 4 is an order of magnitude larger than the mize of lm):(k.,w) found in
the microscopic calculations and so our microncopic calculabionn are uned here only to motivate
our phenomenological model for l‘(l:,u'). However tur diflerence between the value of ') and
Itnd 4 (kpe,w) n partially due vo our crude approximation for the turneliig matrix element which
leadn to Lhe dennity of atnten eutering imto the expression for the tunueling current. T'his han the
eflect of averapmy over the womatropie eflect of spontaneoun decny 10 our model which tedueess
it ellect for a groen value of 17y The magnitnde of lm'.‘l(k..u') wm enhancrd by antilerromannet



spin fluctuations which require going beyond second order perturbation theory and allowing for
repeated scattering through Hce.[Coffey and Cofley, unpublished!

IV. Angle Resolved Photoemission

The treatment of the tunneling conductance above ignored any momentum dependence of the
tunneling matrix element. As a result the density of states, an average of the apectral density,
entered the expression for the current. In reality the tunneling matrix element will pick out
different k states for tunneling depending on the geometry of the experiment. In making this
approximation | have averaged over the anisotropy present in the microscopic calculations which
shows up in the spectral density. One e<periment in which the spectral density is measured
directiy is angle resolved photoemission(ARPES) and the data of Shen et al.[1993] presented
here aL this conference clearly shows this anisotropy. They have concentrated on the anisotropy
of the piling up of states and 8o conclude that A(k) is very anisotropic. However their dala
also clearly shows the anisotropy of the dip feature. Along one direction in momentum space
there is a piling up of the density of states at ~ A with a dip which appears at ~ 2Aq. This
feature in the speciral density is the signature of the spontaneous quasiparticle decay for & d-
wave superconducto:. Along a direction at 45° there is no evidence for a gap in A(k) and there
I8 no f_'.ealure at 2Ay. This is not quite what is seen in Figure 2. There, the largest values of
Iwn)i(k,w) appear along the direction in which A(k) = 0 and not along the other direction.
This discrepancy between our model and the experiments on Bi;SryCaCu3Og,s turns out to
depend on band structure. In the microscopic calculations discussed above, a simple tight-
binding band structure was used. If next nearest neighbor hopping is put in, the t — tt band
structure, the self-energy becomes apprecible along both directions at w =~ 2A,. This sensitivity
to the Fermi surface is understandable given that our aunalysis is based on conservation of energy
and momentum and consequently depends on where the low energy states close to the Fermi
surface are in momentuvin space. So it is important to carry out our microscopic calculations
with a Fermi surface which better approximates the one found by Shen el al.[1893]. The results
of this calculation will be reported elsewhere.

V. Conclusions

The scaling of the dip feature in the cuprates found by Zasadeins' i et al.®[1992] clearly points
to ils origin being intrinsic to the asuperconductor state. It would be of interest to see if there
is evidence for these effects in systerus other than the cuprates. Since the work of MacMillan
and Rowell[1968] weak features in the tunneling conductance have provic' d information on the
electron-phonon coupling consistent with the known phonon density of s.ates and a0 one waould
look for discrepancies between the phonon density of states and gsys(el) or for features close
tc eV equal to multiples of A outside the phonon range in a survey of gg;s curves for diflerent
superconductors,

In conclumon we have postulsted Lliai features seen in the tunneling conductance of §-1-8 june-
tions at bias voltagen eV ~ 3A( arise from quasiparticle decay. 'This quasiparticle decay is a
correction Lo the weak coupling mean field treatment of the quasiparticle states The voltages at
which these featuren are secn in ggrs(el’ ) bave been identified with 3A0 for a range of cuprate
superconductors This providen strong evidence for d;s s vrder parameter in the ruprate su
petconductors or at ti.e minimoi a very anisotropic one, where the degree of anisotropy has to
be egnentially the same over the range of the superconductors shown in Fignre 1. This feature
in unambiguous becaune of the kigh enerpgy at which the dip i seen and is o clear signature of
the nature of the oader parameter. Altemptn to identify the saymmetry of the order parameter
from daia up Lo now have relied on power law fite Lo low temperature and Jow energy behavior
of various experiments such an penetration depth, apin Iattice relaxation  Thene attempts are
plagued by extrinnic eflectn, wuch an the eflecta of impunties, which limit the range of the fitn
and can manke the conclunions controversinl  Fven the abnenne of a Hebel Slichter bump in the
spin lattice relaxation thae of the cuprates can be accounted for with an s wave order paran)
eter and aullicient inelantic moattening {1 Cofiey 1080, Allen and KRainer 1981] By comparison
the scaling propeity of the dip feature dimovered by Zanadzinski et al *[1992 in prearnt even in



films of cuprate aupeiconductors with low T,'s and seerns io be a robust feature of the tunneling
conductance in the cuprates [Zasad2insk: et al. 1893).

In our calculation we have concentrated on spontaneous quasiparticle decay and have taken
a simple model for the normal state spectrum. In particular we have ignored the eflects of
interactions on this spectrum which have the effect of snioothing out sharp features associate
with the tight-binding structure in the density of states. We consider a more realistic treatment
of the normal state spectrum and interaction effects in a forthcoming publication.[Coffey and
Coffey unpublished]

I am grateful to l. Zasadzinski et al. for permission to reproduce their data prior to publication
aid to L. Coffey, D. Mandrus, and J. Zasadzinski for useful conversations This work was
supported by the US Department of Energy.
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